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Abstract This paper reviews the recent advancements
achieved using ultrafast laser inscription (ULI) that highlight the
cross-disciplinary potential of the technology. An overview of
waveguide fabrication is provided and the three distinct types
of waveguide cross-section architectures that have so far been
fabricated in transparent dielectric materials are discussed. The
paper focuses on two key emergent technologies driven by ULI
processes. First, the recently developed photonic devices, such
as compact mode-locked waveguide sources and novel mid-
infrared waveguide lasers are discussed. Secondly, the phe-
nomenon and applications of selective etching in developing
ultrafast laser inscribed structures for compact lab-on-chip de-
vices are elaborated. The review further discusses the con-
ceivable future of ULI in impacting the aforementioned ﬁelds.
Ultrafast laser inscription: perspectives on future integrated
applications
Debaditya Choudhury, John R. Macdonald, and Ajoy K. Kar∗
1. Introduction
The past decade saw the emergence of Ultrafast Laser In-
scription(ULI)asanunprecedentedthreedimensional(3D)
photonic device fabrication technology. The ULI process
involves the use of extremely short (10−13 s) pulses of
light and focusing these pulses within the volume of a di-
electric material that is ordinarily transparent at the wave-
length of the incident light pulses. At the heart of the ULI
technology lies the nonlinear nature of the light matter in-
teraction that occurs at the laser focus. Under tight focus-
ing conditions, the extremely high peak powers carried by
the ultrashort pulses generate extremely high irradiances
(1013 Wc m −2) at the focal region. The focal region or
volume is typically accepted to be the volume of the voxel
determined by the beam waist size and the confocal param-
eter of the focused laser beam. For the purpose of ULI, by
ultrashort we imply optical pulses with duration of 50–
500 femtoseconds (fs). The energy transfer process from
an ultrashort optical pulse to the dielectric material lattice
incorporates a series of complex, dynamical processes [1].
The nonlinear absorption of the incident radiation occurs
through two key initial photo-ionization processes: multi-
photon ionization and tunneling ionization [2]. Following
this initial photo-ionization, avalanche ionization becomes
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an important mechanism. Once a bound electron has been
liberated by one of the initial photo-ionization processes
it is able to absorb energy linearly from the remainder of
the inscription laser pulse. This allows it to liberate another
electronthroughimpact-ionizationonceithasacquiredsuf-
ﬁcientenergy,i.e.abovethatoftheboundelectronCoulomb
potential.Furtherprocessessuchasshockwavepropagation
and thermal diffusion then occur over the nanosecond to
microsecond timescale respectively [1], and after resolidi-
ﬁcation of the material, permanent structural modiﬁcations
can be left behind.
The most interesting manifestations of these nonlin-
ear energy transfer processes are the ability to locally al-
ter the refractive index of the material thereby enabling
the formation of optical waveguide structures within the
bounds of the material, and the ability to locally enhance
the chemical etch rate of the material enabling the forma-
tion of 3D embedded hollow structures. Thus, if a substrate
is translated in three dimensions through the laser focus,
it is possible to directly fabricate or inscribe almost arbi-
trary optical waveguide and etched microstructures within
the volume of the material. In addition, it may also be
possible to inscribe such structures with different function-
alities in the same fabrication process, therefore provid-
ing a method to achieve inter-component alignment with
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tolerances that are difﬁcult to achieve using conventional
bulk optic systems. One may raise the question about the
limits of scale and size of the structures that are possible
to inscribe. In this regard, ULI offers a wide parameter
space that can be exploited to achieve the desired structures
with optimum performance. The important parameters to
consider include the focusing optics, pulse energy, pulse
duration, pulse repetition rate, pulse front tilt, polarization
andtranslationspeed.Furthertotheinscriptionparameters,
the inscription geometry used for fabrication must be con-
sidered.Forinstance,thelongitudinalinscriptiongeometry,
inwhichthesubstrateistranslatedparalleltotheinscription
beam propagation axis [3], the structure size is limited by
the diffraction limit and the working distance of the focus-
ing optic. However, in the transverse inscription geometry
the sample is translated perpendicular to the inscription
beam propagation and structure size is not limited by the
optic working distance but only by the maximum range of
thetranslationstagesusedtomovethesubstratethroughthe
focus.Asthematerialpropertiesarealteredusingnonlinear
energy transfer processes, the scale of the inscribed struc-
ture can even be below that of the focusing optic diffrac-
tion limit [4] and therefore range from sub-micron, through
to truly macroscopic structures. This has allowed the fab-
rication of microﬂuidic devices on the μm-cm scale [5]
as well as closely spaced waveguide arrays with structure
pitch comparable to the cross-sectional dimensions of the
waveguide [6]. The ability to fabricate structures in close
proximity allows interaction between modes of adjacent
waveguides,whichisanimportantcapabilityformanypho-
tonic devices [7–9]. However, in the case where interaction
between adjacent waveguides is unwanted the waveguide
pitch must be carefully considered. The advantages of this
3D inscription capability alongside material ﬂexibility and
micro to macroscopic structure fabrication enables ULI to
impact diverse ﬁelds of applied research such as the devel-
opment of compact solid-state laser sources, biophotonics,
astrophotonics and quantum optics. Speciﬁcally, ULI has
been demonstrated to be an enabling technology allowing
the realization of compact, passive photonic components
such as optical waveguide fanout devices [6], and guided
wavetransitionssuchasphotoniclanterns[9],bothofwhich
havenowbeencommercializedandhavethepotentialtoim-
pact multidisciplinary ﬁelds such as communications, opti-
cal astronomy and biosensing. Through the combination of
these applications ULI is also rapidly being established as
a technology capable of monolithic integration of photonic
and optoﬂuidic components within compact architectures
for lab-on-a-chip applications.
This paper reviews recent advancements using ULI that
highlight the cross-disciplinary potential of the technology.
The paper comprises of three sections. Section 1 provides
anoverview onwaveguide fabricationandthethreedistinct
types of waveguide cross-section architectures that have so
far been fabricated in transparent dielectric materials. Sec-
tion 2 reviews compact mid-infrared (mid-IR) continuous-
wave (CW) and mode-locked laser sources that have re-
cently been developed using the waveguide architectures
described in Section 1. Section 3 reviews the phenomenon
and applications of selective etching in developing ultrafast
laser inscribed structures for compact lab-on-chip devices.
Finally, we provide concluding remarks and discuss the
conceivable future of ULI in impacting the aforementioned
ﬁelds.
1.1. Waveguide Fabrication
The refractive index modiﬁcation of a material using ultra-
short laser pulses can be exploited in a variety of ways in
ordertofabricatewaveguidestructures.Thedifferentforms
of waveguides can be categorized into three main groups
depending upon how the core of the waveguide is formed.
The ﬁrst group of structures consists of a waveguide core
region with a localized increase of material refractive index
relative to the unirradiated bulk substrate (see Fig. 1a). In
this case the core is formed at the focus of the inscription
beam resulting in a Type I waveguide [10–12]. It is also
possible to inscribe two regions of damage surrounding an
unirradiated region which may act as the waveguide core.
This is made possible by regions of strain in the material
lattice induced by inscribed damage regions or ‘tracks’,
which, through the strain-optic effect, manifest a change in
refractive index [13]. These are referred to as Type II struc-
tures and are depicted in Fig. 1b. This fabrication method
is often favored for active waveguides as the core/guiding
region of the structure is left unirradiated and therefore the
material properties are often unchanged for applications
that utilize the active properties of the material [14]. How-
ever, it has also been demonstrated that Type I waveguides
can be fabricated with little change to the optical properties
of the core/modiﬁed region, allowing Type I structures to
be utilized for waveguide laser cavities [15].
The fabrication of a waveguide utilizing a negative re-
fractive index change requires the inscription of a cladding
rather than a core region as is the case in Type I waveg-
uides. Such a structure consists of an unmodiﬁed region
surrounded by a region of modiﬁed material with a local-
ized reduction in refractive index, see Fig. 1c. This type of
structure is commonly referred to as a depressed cladding.
It is important to note that these structures do not strictly
support a guided mode but a ‘leaky mode’ [16,17], which
exhibits an intrinsic exponential decay of the signal in the
waveguide core before material absorption and scattering
losses are considered [18]. Such structures have been suc-
cessful in mid-IR waveguide laser applications due to the
ease of tailoring the waveguide cross-sectional area [19].
This allows the low core/cladding index contrast to sup-
portmid-IRwaveguidemodesthroughincreasingthecross-
section of the waveguide, effectively reducing the cut-off
frequency. The preservation of an unirradiated core region
similar to Type II waveguide designs is also attractive for
active devices where irradiation of the intended waveguide
core could have adetrimental effect upon the material. Low
propagation losses, <1d B ·cm−1, have been demonstrated
incrystallinematerialsfornear-IRandmid-IRwavelengths
[19,20] and waveguide lasers have been fabricated provid-
ing output from 1 μmt o2 . 9μm [21,22]. The possibility to
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Figure 1 Laser inscription geometry with
examples of waveguide cross-sections for
(a) Type I, (b) Type II, and (c) depressed
cladding waveguide structures. The guiding
region for each type is indicated using red
dashed lines.
achievelowpropagationlossesmakesthisnewULIwaveg-
uide design highly attractive for the fabrication of compact
mid-IR waveguide laser sources.
2. Compact Laser Sources
Compact and environmentally robust laser sources are re-
quiredformanyapplicationsoutsideofthelaboratory.Real-
world applications often necessitate vibration insensitive
laser cavities, which allow lasers to be used whilst being
handled or contained within portable appliances. Pertinent
examples of this are diode and ﬁber laser geometries, al-
ready successfully employed throughout ﬁelds such as dis-
play technologies, telecommunications and laser surgery.
These criteria are also met by waveguide laser technol-
ogy which offers the same robust device geometry with
the prospect of monolithic laser cavities and ﬁber coupled
direct diode pumping for no-moving-part laser systems.
Progress in ultrafast laser inscription has seen the technol-
ogy demonstrated asaneffective method forthefabrication
ofwaveguidelasersinanexceptionallybroadrangeofcrys-
talline, ceramic and glass based laser materials [19,23–27].
This material ﬂexibility offered by ULI has opened up a
wide range of potential sources with environmentally ro-
bust cavities and recent development in the ﬁeld has in-
cluded the emergence of mid-IR waveguide laser sources
in the 2–3 μm spectral region.
2.1. Mid-infrared waveguide lasers
Laser sources in the mid-IR region of the electromagnetic
spectrum were initially sparse in number without the range
of sources that emerged through semiconductor diode laser
technology. The advent of quantum cascade lasers (QCLs)
provided a wealth of sources with tailored wavelength out-
puts across 3–25 μm with broad tunability and narrow
linewidthoperationrealizedinrecentyears[28].Broadtun-
ability ranges through the mid-IR are also possible through
indirect nonlinear systems such as optical parametric oscil-
lators (OPOs) and difference frequency generation (DFG)
systems [29–31], but these systems are generally complex
and highly environmentally sensitive with large area foot-
prints making them impractical for many applications out-
side of the laboratory. Consequently, QCLs have rapidly
become popular sources for applications in the mid-IR
[28]. However, the short wavelength limit of the mid-IR
(2–5 μm) is challenging for quantum cascade lasers due to
fundamental and material limitations, e.g. conduction band
offset [28,32–34], and as such few QCL sources exist in
this wavelength range capable of offering high power, CW
and room temperature operation. With the maturity of rare
earth doped glasses and transition metal doped II-VI semi-
conductor lasers for mid-IR emission [35,36], the develop-
ment of mid-IR waveguide laser sources fabricated by ULI
has become an attractive proposition in the 2–3 μm region.
As such the technology is well placed for the production
of an array of mid-IR laser sources with robust monolithic
cavities.
Type I and Type II waveguide devices have been highly
successful in the development of many near-IR waveguide
laser sources including Yb, Nd, Er, Pr doped crystals and
glasses [25,26,37–41], and ULI has been well established
as a successful method for the fabrication of such devices
[24]. However, the realization of sources at wavelengths
of 2 μm and beyond has been limited by the cut-off fre-
quencies of Type I and Type II waveguides in many materi-
als.Successfulmid-IRwaveguideshavebeendemonstrated
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Figure 2 Depressed cladding waveguide structure fabricated from multiple overlapping inscribed regions. Image taken from Lancaster
et al. [46]. C   2013 Optical Society of America.
utilizing Type I structures but are limited to few examples
in undoped chalcogenide glass [42, 43], and the longest
wavelength laser source has been limited to 1.9 μmu s -
ing a Tm3+ doped glass [44]. However, the development
of ULI fabricated depressed cladding waveguide structures
allowed the expansion of the technology into mid-IR laser
devices. Okhrimchuk et al. [20], reported the fabrication
of a rectangular depressed cladding structure in Nd: YAG
demonstratinglasingat1064nmbutthedepressedcladding
formatopenedthedoortotailoredwaveguidecross-sections
for mid-IR wavelengths. Following this ﬁrst ULI fabricated
depressed cladding waveguide, new designs with circular
and annular core cross-sections were presented in a variety
of crystalline and glass laser materials [19,45–49]. Fig. 2
shows a cross-sectional refractive index proﬁle of one such
depressedcladdingstructureinaTm3+:ZBLANglass.The
low waveguide propagation loss of 0.22 dB·cm−1 allowed
laser emission at 1.9 μm with 50% slope efﬁciency. In this
casethedepressedcladdingwaveguidedesignwasmodeled
to determine the cladding diameter required to minimize
propagation losses due to signal radiation from the leaky
mode waveguide core [16]. The 0.22 dB·cm−1 loss calcu-
latedfromtheFindley-Clayanalysis[50]thereforeincludes
material ground state absorption, scattering losses from the
modiﬁedandunmodiﬁedmaterialandradiationlossesfrom
the leaky mode. Although these propagation loss are rel-
atively low for ULI waveguides, they remain signiﬁcant
such that the overall length of the waveguide must be opti-
mized to avoid unnecessary attenuation of the signal within
the cavity. Moreover, these losses could be considered high
for applications in integrated optics or technologies that
currently rely on low-loss ﬁber devices.
An example of this applied to the mid-IR is the tailor-
ing of the waveguide design displayed in Fig. 2 to achieve
guiding at 2.9 μmi naH o 3+: ZBLAN substrate [49]. The
construction of a monolithic cavity is then easily achieved
through appropriate coating of the waveguide end facets to
form cavity mirrors [20], or in this case by butt-coupling
bulk substrate cavity mirrors to either end of the waveg-
uide to form a quasi-monolithic structure with no moving
parts [49,51]. Continuous-wave laser emission at 2.9 μm
was demonstrated with a slope efﬁciency of 20% and a
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Figure 3 Resultant depressed cladding
waveguides in phosphate glass with cross-
section in shape of (a) triangle, (b) square,
(c) pentagon, (d) hexagon and (e) circle. Im-
age taken from Dong et al. [52]. C   2013 Op-
tical Society of America.
Figure 4 Waveguide end facet images taken with (a) optical transmission microscope, (b) dark ﬁeld microscope. (c) Cr: ZnSe tunable
waveguide laser output over 700 nm. The red and blue lines shows the normalized absorption and emission cross-section of Cr: ZnSe
respectively. The black points represent measured data for the laser output power at discrete wavelengths across the tuning range.
Images (a) and (b) taken from Macdonald et al. [48]. C   2013 Optical Society of America.
maximum output power of 27 mW marking the longest
wavelength laser achieved using ULI fabrication technol-
ogy. To date, this style of waveguide inscription has only
been demonstrated in ﬂuorozirconate glass, ZBLAN, but
has the potential to be extended to other doped glass sub-
strates. Comparable structures have been demonstrated by
Dong et al. [52], in phosphate glass substrates, however
these waveguides also rely on stress-induced refractive
index changes in the core region as is the case for Type
II waveguides. As with the ZBLAN depressed cladding
waveguide, these structures can be customized to suit the
intended laser product, as altering the cross-section of the
waveguide allows guiding at the desired wavelength to be
achieved. Dong et al. demonstrated an array of depressed
claddingwaveguides withvariouspolygonal cross-sections
as shown in Fig. 3 with losses as low as 0.5 dB·cm−1 re-
ported for the square cross-section waveguide [52].
Further success has been reported in a range of crys-
talline substrates with annular cross-section depressed
cladding waveguides. These depressed cladding waveg-
uides differ slightly in design to those in ZBLAN de-
scribed above and are composed of an annular distribution
of asymmetric ﬁlament like modiﬁcation elements forming
the cladding region, see Fig. 1c. This style of depressed
cladding waveguide has been effectively applied to crys-
talline and ceramic laser gain media [19,24] and have re-
cently been utilized for mid-IR laser sources in Cr: ZnSe
and Cr: ZnS [48,53]. Compact Cr: ZnSe channel waveg-
uide lasers with cavities as short as 6 mm have shown
high power output of 1.7 W [54], and slope efﬁciencies as
high as 45% at 2.5 μm with beam quality factors of M2
x
= 1.1 and M2
y = 1.8 [48]. Furthermore, the low propaga-
tion losses of 0.7 dB·cm−1 for mid-IR depressed cladding
waveguides in Cr: ZnSe has resulted in the demonstration
of the widest tunable range of any waveguide laser, 2077–
2777 nm ( 36 THz) [55], achieved through construction
of an extended Littman-Metcalf cavity [56]. Fig. 4 displays
the cross-section of a depressed cladding waveguide in
Cr: ZnSe with corresponding tunable laser output achieved
from the extended Littman-Metcalf cavity. In this case the
waveguide losses are dominated by scattering and radiation
losses from the propagating leaky mode. Improvements in
device performance can therefore be expected with opti-
mization of the waveguide design and inscription process.
Loweringthepropagationlossesinthiswaywouldincrease
lasing efﬁciency and extend the maximum tunable range of
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Figure 5 End on, brightﬁeld microscope image of the WBG revealing the hexagonal lattice of point features within the core of the
waveguide. The inset shows a three-dimensional rendering of the structure (not to scale). Figure and caption taken from Gross et al.
[62]. C   2013 Optical Society of America.
the system through reduction of intracavity losses. Cur-
rently, ULI is the only technology shown to be capable of
producing channel waveguide structures in transition metal
doped II-VI semiconductor laser gain media.
A drawback of the widely tunable external cavity ar-
rangement is the loss of the robust monolithic cavity. A
solution to this is the fabrication of distributed feedback
Bragg waveguide lasers [57], which present the option of
thermal tuning of the laser output wavelength whilst main-
taining a monolithic cavity. It is important to note however
that in this case the tunability will be limited to the max-
imum achievable dλ/dT and the operational temperature
limits of a given gain material. ULI inscription of Bragg
structures is well established in ﬁbers, recently reviewed
in [58], and waveguides [40,59–61] however the technol-
ogy is only recently beginning to be extended to mid-IR
wavelengths with the fabrication of a large area depressed
cladding structure containing Bragg defects throughout the
core region [62], see Fig. 5.
The complexity of the structure provides a ﬁne demon-
stration of the ﬂexibility provided by the 3D nature of ULI.
To date the device has only been demonstrated in the near-
IRat1550nmbutinprinciplecanbeextendedtothemid-IR
by simply shifting the period of the Bragg defects. These
initial achievements in the ﬁeld of compact mid-IR waveg-
uide lasers pave the way for a host of novel monolithic
sources in the 2–3 μm region with a range of transition
metal doped II-VI semiconductor and rare earth doped gain
media yet to be exploited.
2.2. Compact mode-locked sources
The advantages of robust monolithic cavities have so far
been discussed with respect to CW sources but can also
be extended to mode-locked laser sources. Spectroscopy
[63], nonlinear microscopy [64], and frequency comb gen-
eration [65], are just some examples of the technologies
driving research into high repetition rate compact mode-
locked sources with monolithic waveguide lasers provid-
ing an attractive combination of short cavity lengths for
high repetition rates and compact, robust geometry. Both
carbon nanotubes (CNTs) and graphene ﬁlms have been
shown as attractive means for achieving mode-locking in
waveguide lasers due to the simple, cost effective produc-
tion and their ease of integration [66]. Most commonly,
mode-lockedsolid-statelasersystemsemploysemiconduc-
tor saturable absorber mirrors (SESAMs), however, CNT
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Figure 6 Quasi-monolithic waveguide laser cavity arrangement taken from [66]. Laser schematic. L1 and L2: Coupling lenses; PM:
Polarizationmaintainingﬁber;GFSOC:Graphene-ﬁlmsaturableoutputcoupler;DM:Dichroicmirror. C  2013OpticalSocietyofAmerica.
and graphene solutions offer broader bandwidths and com-
paratively simple production processes [67, 68]. The ap-
plication of CNTs and graphene as saturable absorbers for
mode-lockinghasbeenrecentlyreviewedbySunetal.[69],
andtheirsuccesshasrecentlybeenextended toarangeULI
waveguidedevices.CNTsaturableabsorbershavebeenuti-
lizedinﬁberpigtailedsaturableabsorberdevicesinorderto
achievemode-lockedULIwaveguidelasercavities[70,71],
and both CNT and graphene coated output couplers have
been demonstrated in compact monolithic waveguide laser
cavities [66, 72]. Fig. 6 shows a schematic of one such
mode-locked waveguide laser cavity utilizing a graphene-
ﬁlmsaturableoutputcouplerforthepassiveq-switchmode-
locking of a monolithic Yb: Bismuthate waveguide laser.
Pulses of 1.06 ps at 1039 nm were produced and due to the
compact nature of the cavity a repetition rate of 1.5 GHz
was achieved corresponding to the free spectral range of
the cavity.
A key challenge that remains with the fabrication of
monolithic mode-locked waveguide laser sources is the
dispersion management of the system. Dispersion compen-
sation is not possible as with standard bulk laser cavities
although this can be overcome with use of an intracavity
Fabry-P´ erot (F-P), demonstrated by Choudhary et al. [73]
whereby the F-P was formed between the cavity output
coupler and the waveguide end facet. While this technique
can allow the dispersion compensation required for soliton
mode-locking, the resultant laser no longer consists of a
monolithic waveguide cavity. Another option is the use of
additional ﬁber elements in the cavity to provide the dis-
persion compensation to balance the dispersion occurring
within the waveguide. The formation of a ring laser us-
ing a waveguide gain element and ﬁber components has
been demonstrated with the ﬁber components compensat-
ing for the normal dispersion contributed by the waveg-
uide material [70]. These techniques have allowed the cre-
ationofcompactfemtosecondwaveguidelasersourceswith
Beecher et al. [71] reporting mode-locked pulses as short
as 320 fs. However, the limitations of the design require
the compromise between either dispersion management or
compact and monolithic geometry.
An intrinsic limitation of ULI laser device performance
is the intracavity loss arising from waveguide propagation
losses. These losses have been greatly reduced over the
pastdecadehoweverthelowestsignalattenuationachieved,
0.12 dB·cm−1, is still far above that possible with ﬁber sys-
tems [74]. This minimum value when considering active
laser materials is also 0.12 dB·cm−1, demonstrated in Nd:
YAG [45], and so it is important to consider that waveguide
lasers fabricated using ULI are necessarily subject to intra-
cavity losses arising from waveguide propagation losses.
The merits of ULI fabricated waveguide laser sources do
not lie in improving the maximum achievable performance
of pre-existing laser gain media, but rather in the exploita-
tion of a compact and robust geometry. The technology’s
material ﬂexibility allows access to a greater range of can-
didate materials over ﬁber geometry and traditional waveg-
uide fabrication techniques as well as the ability to rapidly
optimize new device designs.
3. Selective etching
When a femtosecond laser pulse train is focused within the
volume of a transparent dielectric material, in addition to
the local modiﬁcation of the material’s refractive index, the
nonlinear energy transfer processes involved also alter the
chemicalpropertiesofthematerialwithinthefocalvolume.
Although the nature of the mechanisms that alter the local
chemistry are material dependent [75,76], the modiﬁcation
processeventuallyleadstoasigniﬁcantenhancementofthe
rate of dissolution of the laser-inscribed regions compared
to the unmodiﬁed bulk material. As an example, ULI selec-
tively enhances the etch rate of laser inscribed regions in
fused silica by up to two orders of magnitude. Hence, this
process is referred to as selective wet etching. The selectiv-
ity of etching depends on the intrinsic chemistry between
materialandetchant,inadditiontoextrinsicphysicalfactors
suchastemperatureandagitation.Typically,selectiveetch-
ing of ultrafast laser inscribed structures involves immer-
sion of the substrate inscribed with the desired structures
in a suitable etchant solution over a period of time. The
etching time may vary from a few seconds up to several
hours depending on the dimensions of the desired struc-
tures, the material being etched and the chemical etchant
used. The ﬁrst evidence of selective etching in ultrafast
laser inscribed regions buried within transparent dielectric
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materials was observed in photosensitive glass by Kondo
et al. [77] and in fused silica by Marcinkeviˇ cius et al. [78].
The selective etching capability introduced an exciting new
dimension to ULI, which at the time, was already gen-
erating interest in the development of compact photonic
devices for the telecommunications industry [18]. The fol-
lowingdecadewitnessedconsiderableprogressbeingmade
towards understanding the energy transfer phenomena in-
volved in ULI as well as harnessing its potential, as a fab-
rication technology, to positively impact multidisciplinary
ﬁelds of research. In particular, ULI offers the possibil-
ity to directly fabricate embedded hollow microstructures
integrated with optical waveguides within dielectric mate-
rials that are transparent in the visible and near-IR spectral
window witharbitrary 3D design freedom. This unmatched
capability led to its emergence as an attractive fabrication
prospect with respect to the ﬁeld of microﬂuidics and lab-
on-a-chip (LOC) devices. Furthermore, being a maskless,
direct write technique, ULI offers distinct advantages over
contemporary 2D lithographic methods to fabricate LOC
devices that require multi-step procedures in clean-room
environments. These unmatched capabilities of ULI have
led to its maturation over the past few years into a ﬂexible,
reliable technology with an efﬁcient optimization feedback
loopmakingitparticularlywellsuitedforrapid,highpreci-
sion device prototyping. In the subsequent sections, recent
progress in the selective etching of ultrafast laser inscribed
microstructures and its applications are reviewed.
3.1. Etching chemicals
The choice of chemical to etch ultrafast laser inscribed
structures is typically determined by the chemistry of the
substrate material. Etching in fused silica and silica-based
glasses and even crystals such as sapphire [79] has been
successfully demonstrated using hydroﬂuoric acid (HF) in
dilute aqueous solution. Dilute HF has primarily been the
onlyacidbasedetchantappliedforselectiveetchingofthese
materials and is accompanied by a unique post-etch effect.
Consideringalinearsub-surfacelaserinscribedscanacross
the width of a fused silica substrate, the diffusive nature of
HF etching manifests itself as a characteristic tapering of
thestructure’saspectratioalongitslength.Characterization
of the taper formation is detailed in the work undertaken
by Hnatovsky et al. in ref. [80]. This tapering effect limits
the length of structures that can be etched from one side to
less than 2 mm. However, methods have been developed to
circumvent this tapering effect such as inscribing a com-
pensatinginversetaper[81]thatrevealsauniformpost-etch
aspectratioofthedesiredstructure.Complexstructurescan
also be designed to enable etching to occur from multiple
sides and maintain the relative post-etch aspect ratios of the
structures [5]. Buffered HF [82] and gaseous phase HF [83]
have been applied to achieve etched structures with com-
paratively higher aspect ratio but are nonetheless inhibited
by tapering. Concentrated (10 M) aqueous potassium hy-
droxide (KOH) was recently demonstrated as an alternative
alkali based etchant in silica [84] and borosilicate [85] sub-
strates. KOH etching at elevated temperatures, typically
80°C, offered advantages such as higher selectivity and re-
duced tapering over longer structure lengths, although the
etch times were signiﬁcantly longer compared to HF etch-
ing. The mechanism governing the KOH etching process
is not yet clear although evidence of gaseous hydrogen
has been found which is hypothesized to be a product of
the reaction mechanism [84]. Besides HF and KOH, con-
centrated aqueous phosphoric acid (H3PO4) was recently
demonstrated as an etchant for microstructures fabricated
using ULI in Nd: YAG crystals, which will be discussed in
a later section.
3.2. Materials for ULI microfabrication
The ﬁeld of LOC device development is vast and has, over
the years, involved several substrate materials including
polymers, glass and silicon. Fabrication methods for LOC
devicesdependonthematerialofchoiceandcanbebroadly
classiﬁed intopolymer based, glass based and siliconbased
techniques. At an early stage, two-dimensional fabrication
methods used for the development of silicon integrated
circuits and subsequently micro-electro-mechanical sys-
tems technology were applied to silicon based microﬂu-
idic systems. Although the methods for fabrication pre-
sented high precision and repeatability, the sub-bandgap
opacity of silicon restricted the application of microﬂuidic
devices for sensing applications due to their incompati-
bility with standard optical imaging systems at the visi-
ble and ultraviolet spectral bands [86]. Polymers offered
a suitable and substantially more economical alternative
with important advantages including relatively simple fab-
rication, biocompatibility, elastomeric properties, optical
transparency at desired wavelengths and permeability to
gases. The use of polymers allowed microﬂuidic fabri-
cation to evolve from the exploratory stages to an estab-
lished methodology, especially in the context of soft litho-
graphic techniques based on printing and replica mold-
ing to create micro- and nano-sized features [87]. Soft
lithographic techniques have been applied to a number of
polymers such poly(dimethylsiloxane) (PDMS), poly(me-
thylmethacrylate)(PMMA),hydrogels,elastomersandper-
ﬂuoropolyethers (PFPE) and exceptionally intricate mi-
crostructuring has been successfully demonstrated [88,89].
Conversely,theuseofpolymersinvolveslimitationssuchas
incompatibilitywithcommonsolvents,lowdamagethresh-
old to focused laser radiation and autoﬂuorescence [90].
Recent studies on the suitability of using polymers for ULI
show promising results especially with respect to micro-
structuring using two-photon polymerization [91]. How-
ever, inscribing low-loss, optical waveguides in polymers
exhibits high propagation loss [92] and degradation with
time [91]. In comparison, waveguides inscribed in glass
are stable and offer better conﬁnement of light. Therefore,
from the perspective of developing LOC devices for bio-
logical, chemical or biochemical applications where inte-
gration of ﬂuidic and photonic components is critical, glass
remains the preferred substrate material for ULI. Among
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the various types of glass available for fabrication, fused
silica in particular is commercially available with excel-
lent optical quality, wide transmission window and well-
characterized thermal, mechanical and chemical proper-
ties. In addition, its non-porous nature, hydrophilicity and
low autoﬂuorescence make it an ideal substrate material
for developing LOC devices. Besides fused silica, Foturan
is the other substrate material extensively studied for ULI
microfabrication. Foturan is the trade name for lithium-
aluminosilicate glass doped with cerium and silver ions
and is one of the most widely used amongst photosensi-
tive glasses. With good mechanical and thermal stability,
biocompatibility together with high optical transmission in
the visible spectrum, Foturan is also a good candidate for
developing LOC microsystems. A comprehensive discus-
sion of ULI microstructuring in Foturan is provided in the
reviews by Sugioka et al. in ref. [93,94].
3.3. Fused silica
Fused silica has been one of the most extensively studied
materials with respect to microfabrication using ULI. A
number of fundamental studies aimed at obtaining the in-
scription parameters that facilitate the optimum selective
etching of desired microstructures have been undertaken
[75,80,95–97]. Of particular signiﬁcance is the formation
ofplanarsub-wavelengthnanogratingsinsidethevolumeof
fused silica when irradiated with focused linearly polarized
femtosecondpulseswithinapulseenergy-durationparame-
terspace[98,99].High-resolutionmicroscopeimagesofthe
nanogratingsaretypicallyobtainedafterrevealingthestruc-
tures by polishing and a few second exposure to an etchant
solution. These self-organized nanogratings, with a period-
icity of λ/2n, where λ is the free space wavelength and n
is the refractive index, exhibit long range order and appear
when the incident pulse energy lies above the maximum
threshold for smooth modiﬁcation and below the minimum
threshold for disruptive modiﬁcation [96]. Although etch-
ing does occur within the regime for smooth modiﬁcation,
the selectivity is much lower than that in the nanograting
formation regime and depends on the local densiﬁcation of
the material that also governs refractive index increase in
Type 1waveguide structures[75,100]. Therearetwopossi-
bleexplanationsfortheformationofnanogratings.Theﬁrst
possible explanation was proposed to be an interference ef-
fect between the electric ﬁeld of the incident pulses and the
density ﬁeld of the free-electron plasma [98]. In the second
explanation, a transient nanoplasmonic model for dielec-
tric breakdown has been formulated to explain the origin of
nanograting formation in which plasma droplets of a few
tens of nanometers in size undergo asymmetric evolution
into ellipsoids and ﬁnally ﬂatten into planes in the presence
of the inscription laser ﬁeld over several hundred pulses
[96,99]. The orientation of these nanogratings is orthogo-
nal to the electric ﬁeld vector of the inscription pulses and
more importantly, the orientation can be altered by rotat-
ing the inscription beam polarization [80]. This offers an
unprecedented control over the selective etching process
by aligning the inscription beam polarization orthogonal
or parallel to the desired translation direction and there-
fore the nanogratings can be oriented in a direction parallel
or orthogonal to the translation direction. As a result, the
diffusion of etchant solution into the laser inscribed struc-
turescanbeaidedorimpededrespectively,therebyoffering
control over the etch rate [80].
Fused silica had been the only glass where polarization
sensitive etching was observed until the recent demonstra-
tion of periodic nanograting formation in borosilicate and
ultralow expansion (ULETM) glasses [101]. Pulse duration
was found to be a critical parameter for nanograting forma-
tionintheseglasses.Wheninscribedusing400nJpulsesof
800 nm light at a repetition rate of 100 kHz and a transla-
tion speed of 10 mm/min, Boroﬂoat glass exhibited strong
nanograting formation within an inscription pulse dura-
tion window between 140–220 fs with 60 nm periodicity,
which is the lowest spacing demonstrated in any material.
ULETM, in comparison exhibited no measurable depen-
dence on pulse duration and nanogratings were shown to
be comparable to that in fused silica with a periodicity of
250 nm. In the work undertaken by Richter et al. [101] data
was obtained for a ﬁxed pulse energy and translation speed
of 400 nJ and 10 mm/min respectively and the pulse dura-
tionwasvariedbetween50–400fs.Undertheseconditions,
it was reported that nanogratings form in fused silica for all
pulse durations tested. This observation presents a direct
contradiction to the observations made by Hnatovsky et al.
in ref. [97], where using similar inscription conditions it
was reported that for incident pulses of energy 400 nJ, the
onsetofthedisruptivematerialmodiﬁcationoccursatpulse
duration just under 200 fs. Fig. 7 provides a pulse duration
comparison between both studies.
Clearly, the occurrence of nanogratings is experimen-
tallyestablishedandtheeffectoftheirorientationrelativeto
the substrate translation direction lends a unique capability
toachievecontrolledselectiveetching.Nonetheless,thereis
somedebateoverthetheoreticalexplanationoftheirforma-
tionaswellasinestablishingtheboundsofthenanograting
formation regime in the multi-parameter inscription space.
Besides the aforementioned materials that are relevant to
LOC device development, the formation of nanogratings
has also been reported in crystals such as tellurium dioxide
[102] and sapphire [79], although the selective etching of
these materials is difﬁcult to advance on the same scale as
fused silica.
3.4. Crystals
Crystalline materials offer unique properties that can be
utilized in developing LOC applications. Crystals such as
quartz (crystalline SiO2) offer piezoelectric properties that
canpotentially beapplied inLOCapplications such ashigh
throughput cell and droplet manipulation [103]. In compar-
ison with glasses however, it has been more challenging to
implement selective etching of ultrafast laser inscribed mi-
crostructures in crystalline materials. The effect of ULI in
quartz was ﬁrst reported by Gorelik et al. [104] for optical
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Figure 7 Nanograting formation with respect to pulse duration. (a) The result obtained by Richter et al. [101] showing nanograting
formation in fused silica for pulse duration ranging from 50–400 fs. (b) Result obtained by Hnatovsky et al. [97] showing the dependence
of the three regimes for material modiﬁcation in fused silica. Reproduced with permission from American Institute of Physics. C   2013
AIP Publishing LLC and Optical Society of America C   2013 Optical Society of America.
Figure 8 The 3D contour modiﬁed microstructure with a rectangular cross- section. (a) Optical transmission microscope image of the
microstructure after inscription. (b) Scanning Electron Microscope (SEM) image of the microstructure after being etched in H3PO4 for
30 h at 90 °C. Reproduced from [111] with permission from the American Institute of Physics. C   2013 AIP Publishing LLC.
waveguiding investigations. This study provided evidence
oflatticeamorphizationresultingfromtheincidentfocused
singleshotfemtosecondpulsesof50nJand14μJenergies.
In the case of pulse trains at 14 nJ, partial recrystallization
of the modiﬁed material was observed. Matsuo et al. [105]
used a 1.35 NA oil immersion objective to focus pulsed
800 nm light of 130 fs duration at 1 kHz at a depth of
50 μm inside a quartz substrate. A 40 μm × 40 μm mean-
der pattern was inscribed, which was subsequently etched
using a 5% aqueous HF solution for several hours. The
pulse energy threshold for onset of etching and the etch
rate were determined to be 14 nJ and 50 μm/h respectively.
Latticeamorphization wasrevealed tobetheoriginof etch-
ing selectivity. In the same year, the effect of ultrafast laser
inscribed structures in sapphire and their etching had also
been examined [106], revealing higher selectivity (1:104)
in comparison with quartz. The etching selectivity in sap-
phire is two-orders of magnitude higher than that observed
in fused silica (1:100) [75]. This motivated the attempts to
fabricate high aspect ratio 3D structures inside sapphire.
Matsuo et al. [107] inscribed an optical rotator using fs
pulses with a central wavelength of 800 nm from a re-
generativelyampliﬁedTi:Sapphiresource(Spitﬁre,Spectra
Physics). Pulses with energy 45 nJ were focused at a depth
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of 10 μm from the surface using a 1.35 NA objective. The
9 μmx2 0μm rotators were fabricated by etching the in-
scribed sapphire substrate using a 10% aqueous solution
of HF for several days. An inherent limitation of etching
3D structures in sapphire was revealed that involved the
formation of residue of un-etched material due to recrystal-
lization after the amorphized regions were etched, leading
toincompleteetchingofthestructuresevenafterprolonged
exposure to HF. In a separate communication, this limita-
tion was overcome by etching structures in a teﬂon-coated
high-pressurevesselinanelectricovenat80–150°C[108].
The etch rate was found to be accelerated at 120 °C and
residue formation was completely minimized, although un-
wanted surface features appeared due to the formation of
dislocations in the lattice at high temperature. The same
group also fabricated the optical rotator in fused silica us-
ing 75 nJ pulses from the same source [109]. The structures
were etched using a 2% aqueous HF solution for 2 h at
ambient temperature and rotation of the etched structures
was successfully achieved at frequencies around 100 rpm.
Wortmann et al. [79] reported micro and nanograting for-
mation with sub-micron resolution in sapphire using ULI.
A chirped pulse ampliﬁed ﬁber laser (IMRA μJewel) with
a central wavelength of 1045 nm, a pulse duration of 400
fs and a variable repetition rate between 100 kHz and 5
MHz was used in this work. Pulses with polarization per-
pendicular to translation direction, were focused 150 μm
inside the sapphire substrate using an adjustable 0.55 (0.8)
NA objective. Single scans were inscribed using writing
speeds between 0.1–1 mm/s and the substrate was etched
using 40% aqueous HF for 24 h at room temperature and
ultrasonic agitation. Hollow planar nanostructures of width
200 nm were formed and etched feature lengths of up to
1 mm was achieved with aspect ratio 1:103. The results
in this work indicated the possibility of using sapphire in
fabricating photonic crystals and micro/nanoﬂuidic appli-
cations. On a different remark, femtosecond laser ablation
on the surface of sapphire leads to the creation of defects
in the form of oxygen vacancies [110]. Wet etching was
carried out using a buffered 10% HF aqueous solution with
ultrasonic agitation at 60°C, which removed amorphous re-
gions and debris from the laser-inscribed regions. It was
shown that the defects could be removed by thermally an-
nealingtheablatedsubstrateat1100°C,thusmakingitpos-
sible to inscribe micro-optical structures on the surface of
sapphire. More recently, evidence of selective etching was
reported in crystalline materials that have well recognized
optical, mechanical and electronic properties. Choudhury
et al. [111] reported selective etching of 3D ULI microfab-
ricatedstructuresinaneodymiumdopedyttriumaluminum
garnet(Nd:YAG)crystal,amaterialthatisubiquitousinthe
ﬁeld of laser based applications. Inscription in a commer-
cially obtained Nd:YAG crystal was performed using 460
fs pulses from a variable repetition-rate (100 kHz – 5 MHz)
Yb-doped master oscillator power ampliﬁer laser system
(IMRA μJewel D400) at a central wavelength of 1047 nm.
A circularly polarized pulse train was focused using a 0.4
NA aspheric lens at a depth of more than 100 μm below
the surface of the crystal, which was translated through
the focus to inscribe the microstructures in the transverse
inscription geometry. In the parameter space comprising
sub-300 nJ pulses at a repetition rate of 100 kHz and trans-
lation speeds ranging between 1 and 8 mm/s, catastrophic
damage and cracking within the crystal was found, which
was consistent with earlier observations using ULI to fabri-
catephotonicstructuresintheYAGmatrix[112].However,
when the repetition rate was increased to 500 kHz, damage
to the material was substantially reduced when sub-200 nJ
pulses were used at translation speeds exceeding 4 mm/s.
AparameterwindowwasobservedwheredamagefreeULI
ofNd:YAGcanbeachieved, whichoccurredbetweenpulse
energy values of 160 and 170 nJ and a translation speed of
8 mm/s. The damage free material modiﬁcation obtained
using these parameters allowed 3D contour designs to be
implemented in order to inscribe microstructures with a
rectangularcross-sectionwithinthevolumeoftheNd:YAG
substrate. The inscribed structures were selectively etched
using an aqueous solution of H3PO4 with a maximum con-
centrationof50%(w/w)atanelevatedtemperatureof90°C
for30h.Fig.8showsthecrosssectionofthemicrostructure
after inscription and etching.
Compared to previous studies in sapphire and quartz,
the post-etch surfaces in Nd:YAG retained optical quality
even after a prolonged etching period and did not require
any post processing. Confocal micro-luminescence imag-
ing and confocal Raman spectroscopy were performed in
the pre-etched structures in order to determine the origin
of the highly selective etching observed. Both methods of
analysis revealed that for the inscription parameter space
utilized in this work, the Nd:YAG crystal network was
driven to a pre-damaged state involving localized distor-
tion of the Nd:YAG network, the creation of lattice defects
including broken bonds and a certain degree of disorder. A
combination of these effects caused the inscribed regions
to exhibit a signiﬁcantly higher rate of etching than the
unperturbed Nd:YAG network. The authors also found ev-
idence of positive refractive index change from the micro-
luminescence data in this work, the parameters for which
are different from earlier reports [14] on the ULI of Type I
optical waveguides in the Nd:YAG material. This work re-
veals the possibility to concurrently fabricate microﬂuidic
channels and optical waveguides within the volume of a
laser crystal with extremely high aspect ratios. The report
by Matsuo et al. [113] demonstrated evidence of selective
etching in crystalline silicon using sub-picosecond pulses
fromanEr-dopedﬁberlaseroperatingat1.56μmandarep-
etition rate of 200 kHz. The pulses were focused within the
volume of a Si (100) substrate of thickness 525 μmu s i n g
0.45 NA and 0.65 NA objectives. By translating the sample
throughthefocusinadirectionoppositetothebeampropa-
gationdirection,theauthorsirradiatedthesubstratethrough
its thickness. A pulse energy of 1.5 μJ was used for irradi-
ation, which is signiﬁcantly higher than the pulse energies
previously used to inscribe other crystalline materials. Sus-
bequently, the irradiated structure was etched using three
different methods. Wet etching was performed using aque-
ous KOH and nitric hydroﬂuoric acid (HNO3:HF), which
were used independently as etchants. Dry etching was
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performed using CF4. The authors reported selective etch-
ing on the top surface with all three etchants while the
structureatthebottomsurfaceetchedonlywhenHNO3:HF
was used. Although microchannels have been previously
reported in crystalline silicon using microvoid formation
[114], this result offers the possibility of 3D microprocess-
ing using ULI and selective etching in crystalline silicon
substrates. In addition to the aforementioned materials, se-
lective etching has also been demonstrated in the chalco-
genideglassAs42S58 [115],whichistransparentinthemid-
IR spectral region. In this work, a custom built extended-
cavity Ti:Sapphire oscillator with a repetition rate of 26
MHz and a maximum pulse energy of 15 nJ was used.
Pulses with energy 0.17 nJ were focused onto the surface
of the material using a 0.25NA microscope objective and
the sample translated transverse to the beam propagation at
a speed of 10 μm/s. The irradiation resulted in an alteration
of the material bond structure reducing the material’s den-
sity, thereby making it susceptible to preferential etching.
The single scanned structure on the material’s surface was
subsequentlyetchedusingasolutionof62.5%Propylamine
for 80 s with gentle agitation revealing a microchannel that
was 5.38 μm wide and 2.3 μm deep with a length limited
by the travel of the translation stages and sample size. The
work extends the capability of ULI to fabricate LOC de-
vices that can potentially function in the mid-IR spectrum.
3.5. Selective etching considerations for
fabrication
Engineering the cross section of selectively etched micro-
and nanoﬂuidic structures is critical with respect to their
speciﬁc use in LOC applications. For instance, a rectangu-
lar or square cross section may be more suitable in devices
where microﬂuidic channels are monolithically integrated
inanorthogonalorientationwithopticalwaveguidesforlive
cell trapping and stretching applications [116]. In contrast,
a circular cross-section ﬂuidic channel is perhaps better
suited in developing on-chip biomimetic applications. The
inscription geometry determines the cross-section of the
laser written structures. Structures and waveguides writ-
ten using the longitudinal geometry, exhibit a symmetric
cross-sectionthesizeofwhichisdeterminedbythecircular
symmetry of the incident Gaussian beam proﬁle. The limi-
tationofthisgeometryisthelengthofstructuresachievable,
which are limited by the working distance of the focusing
optic.Inaddition,aberrationswillplayacounter-productive
role as the focus position is changed. In contrast, the trans-
verse writing geometry is uninhibited by the working dis-
tance of the focusing optic, although the drawback lies
in the cross-section obtained being asymmetric in the sin-
gle pulse regime, requiring corrective spatial [21,117] and
spatio-temporal [118] beam shaping methods. These meth-
ods are particularly relevant in nano-ﬂuidic biomimetic ap-
plications where small circular cross-section of channels is
desired,whichcanbeinscribedusingsinglelaserscans.For
microﬂuidicapplicationsinvolvinglargerchannels,circular
cross-section can be achieved and maintained throughout
the length of the channel by shaping the inscription design
rather than the beam itself [81]. With regard to rectangu-
lar cross-sections, as demonstrated in ref. [111], the mi-
crochannel dimensions can be tailored using the multiscan
technique, which is a well-known method to engineer op-
tical waveguide cross-sections [119]. Moreover, complex
structures can be designed appropriately in order to achieve
dimensional uniformity in selectively etched microﬂuidic
channels [5]. Another important aspect in selective etch-
ing is the surface quality of the material after the etching
process. The roughness in etched surfaces can potentially
be useful in cell culture applications. However, in the case
of integrated optoﬂuidic and micro-optics applications, the
roughness should be minimized. The choice of material is
important in this respect. The photosensitive glass Fotu-
ran is well suited for developing micro-optic components.
This is because it is possible to signiﬁcantly reduce sur-
face roughness by annealing the material [120]. A post-
inscription annealing step is necessary in order to form a
phasesuitableforetchingintheinscribedregions.However,
the chemically etched surfaces always exhibit a roughness
of about 40 nm, which is not smooth enough for most
optical applications. Therefore, an additional post-etch an-
nealing step is required to further smoothen the surface
desired for optical applications. [94,121]. With fused sil-
ica,itismoredifﬁculttoreducesurfaceroughnessalthough
an annealing process has been successfully demonstrated
for this purpose [122]. An oxygen-hydrogen ﬂame may
also be utilized to polish the etched features in fused silica
[123], although it is difﬁcult to implement this method to
smoothen the inner surface of small cross-section embed-
ded microstructures. Recently reported work on selectively
etching crystalline materials such as Nd:YAG and sapphire
show promising results with respect to reducing post-etch
surfaceroughnessandthereisgoodscopeforfuturestudies
in this regard, both in crystalline and amorphous materials.
3.6. Recent applications of selectively etched
microstructures
In the recent past, there have been a number of reports
based on the integration of selectively etched ultrafast laser
inscribed microstructures with photonic components. With
respecttofusedsilica,promisingresultshavebeenobtained
inthemonolithicintegrationofnear-infraredopticalwaveg-
uides[116,124,125],Bragggratingwaveguides[126]anda
Mach-ZehnderInterferometer[127]withselectivelyetched
microﬂuidic channels. Detailed discussions on these novel
devices have been reviewed elsewhere [128]. Ref. [129]
provides a cogent discussion on the application of ULI to
optoﬂuidic devices. Here we highlight recent demonstra-
tions where selective etching of ultrafast laser inscribed
structures has been used to fabricate complex embedded
3D structures.
Lin et al. [130] applied the selective etching of ultra-
fast laser inscribed microstructures to fabricate 3D high
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Figure 9 Optical microscope images of a tilted fused silica microdisk fabricated by femtosecond laser micromachining and HF wet
etching at 5% (a) before and (b) after CO2 laser annealing. Insets in (a) and (b): top view of the microcavity, (c) SEM images of the
cavity, and (d) SEM image of two microtoroidal cavities with different heights after CO2 laser annealing. Reproduced from [130] with
permission from Optical Society of America C   2013 Optical Society of America.
quality-factor (Q) microcavities in a fused silica substrate.
For this work, the authors used 800 nm pulses of duration
58fsfromaTi:Sapphireoscillatorandaregenerativeam-
pliﬁer system operating at a repetition rate of 250 kHz. A
100x objective with 0.9 NA was used as the focusing optic.
A layered annular inscription design was implemented to
fabricate microdisks supported by thin pillars. The separa-
tionbetweenlayerswaskeptat1μm.Thedesignwhichthe
laser focus spot followed enabled the modiﬁcation of the
regions surrounding a disk of radius 29 μm and a thickness
of 7 μm. The disk was tilted with respect to the substrate
atanangleof24o.Theanglebetweenthediskandthepillar
was set to be 57o. A pillar with a radius of 12 μm was de-
signedtosupportthedisk.Thus,thedesignallowedregions
surrounding the disk-pillar microcavity to be preferentially
etched away. Post inscription, the structures were etched
in a 5% aqueous solution of HF in an ultrasonic bath for
20 minutes. In order to improve the surface smoothness of
the cavities, the structures were annealed with a CO2 laser
operating at 5 kHz that was focused to a 100 μm spot. The
strong absorption of silica in the infrared spectrum caused
the cavities to heat up to melting point resulting in reﬂow
of material. Due to surface tension, the disk eventually col-
lapsed into a toroid shape. Fig. 9 shows the bright ﬁeld
optical microscope and SEM images of the microtoroids.
Characterization of the micro-toroids was performed
by measuring their resonance spectra using the optical ﬁber
taper coupling method. Resonant transmission spectrum
of the ﬁber taper when coupled to the microtoroid cav-
ity generated whispering gallery modes with linewidth of
1.44 pm. Typical Q factors were found to be 106 which
can potentially be improved with better translation con-
trol with higher precision. Fabrication times were approx-
imately 6 h, which was determined by low performance
translation stages and can potentially be reduced signif-
icantly. The experimentally measured free spectral range
of 13.65 nm agreed well with the numerically calculated
result. This demonstration reiterates the capability of se-
lective etching to fabricate complex but highly accurate 3D
structures. Furthermore, the tilted toroid structure shown in
Fig. 9 can only be fabricated using the ULI technique and
is unachievable using planar soft-lithographic techniques.
Successful demonstration of these structures shows their
potential to be implemented in biological and chemical
LOC applications.
Choudhury et al. [5] fabricated a network of embed-
ded microﬂuidic channels in fused silica with large differ-
ences in aspect ratio. The device was aimed at separating
a population of live mammalian cells based on differences
in their deformability, which is a known marker for cell
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Figure 10 Bright ﬁeld optical microscope
images showing the components of the de-
vice before etching (left) and after etching
(right) with HF at 13.3% (v/v) dilution for
4.5 h. (a) The inlet system viewed side-on.
(b) Top view of the constriction array. Repro-
duced from [5] with permission from C   The
Royal Society of Chemistry.
health [131]. The 3D structures were inscribed using 460 fs
pulses emitted from a commercial Yb-doped master oscil-
lator power ampliﬁer laser system (IMRA America FCPA
μJewel D400) at 1047 nm and a repetition rate of 500
kHz. The pulse train was focused inside the substrate us-
ing a 0.4 NA aspheric lens. Highly precise computer con-
trolled translation of the substrate through the laser focus
was achieved using Aerotech Automation 3200 multi-axis
air bearing stages. As shown in Fig. 10, the device consists
of multiple components. Each component was written us-
ing optimum laser writing parameters to achieve controlled
etch rates. The polarization sensitive etching property ex-
hibited by fused silica was utilized to fabricate the device
in distinct components in order to preserve their post etch
aspect ratio.
The inlet ports shown in Fig. 10a were designed in
a concentric cylindrical pattern with an outer diameter of
1.5 mm and an inner diameter of 750 μm. The depth of
the inlet system was 1.6 mm. The inlets were inscribed
using circularly polarized 650 nJ pulses and a translation
speed of 4 mm/s. Fig. 10b shows the microchannels with
constrictions that were fabricated in a straight ﬂow-through
arrangement. The ﬂuidic channels with a cross-section of
1m m× 300 μm in Fig. 10b were fabricated using 650 nJ
pulses using a translation speed of 2 mm/s. The polariza-
tion of the laser pulses was maintained perpendicular to the
translationdirectionatalltimesinordertoensureappropri-
ate etching selectivity of the laser written microchannels.
The grid of 18 constrictions was written using single scan
inscribed lines using 270 nJ pulses at a translation speed
of 0.1 mm/s. The maximum length of the constrictions was
designed to be 200 μm, in order to minimize undesired
mechanical forces on the cell by forcing them to remain
deformed over an extended period of time. The device was
etched using a 13.3% aqueous solution of HF for 4.5 h. The
cross-section of the constrictions was found to be ellipti-
cal, measuring 8 μm along the long axis and 4 μm along
the short axis. Attaching ﬂuidic interconnects to the device
was straightforward as the inlets could directly accommo-
datecommerciallyavailabletubing.Thedevicewasusedto
sort a mixed population of human promyelocytic leukemia
(HL60) cells with a non-uniform deformability into popu-
lations with deformability above a threshold and an aver-
age size of 12 μm. The device achieved a throughput of
167 μL/min which corresponded to 3 × 103 cells/min.
Theauthorsestimated150cellstravelledthroughasingle
constrictionperminute.Alive-deadanalysisusingabench-
top ﬂow cytometer revealed 81% of the cells at the device
output to be viable. This device demonstrated the capabil-
ity of ULI to fabricate a complex network of microﬂuidic
channels.Thereisscopetoimproveuponthisworkbyinte-
grating optical waveguides to enable cytometric capability.
Ref. 132 discusses the aspects of using ULI as a manu-
facturing process to fabricate miniaturized cytometers with
unique features and functionalities.
Chen et al. [133] fabricated complex 3D micro-coils in-
side fused silica using the selective etching technique. Cir-
cularlypolarizedpulsesofduration50fsfromaTi:Sapphire
oscillator-ampliﬁer system at 800 nm and a repetition rate
of1kHzwereusedforthiswork.Anobjectivelenswith0.9
NA was used as the focusing optic. Sample translation was
carried out using a H101A ProScan II Upright Stage with a
speed of 10 μm/s. Inscribed helical structures were etched
using a 10% aqueous solution of HF in an ultrasonic bath
for1h.Inordertoensureuniformmaterialmodiﬁcation,the
power of the laser beam was modulated during inscription.
After etching was compete, molten metal gallium (m.p.
29.8°C)ofpurity99.99%wasinjectedintothemicroﬂuidic
channel for use as a conducting medium. The sample was
maintained at 45 °C during injection. After return to am-
bient temperature, the micro-coils were ﬁlled with metallic
gallium creating an embedded inductance coil. The inte-
grated micro-coils were fabricated in toroid and U-shaped
geometries as shown in Fig. 11. These geometries are
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Figure 11 The micro-toroid structure after etching and after
gallium injection. (a) U-shaped microchannel etched by HF. (b)
Toroid-shaped microchannel etched by HF. (c) U-shaped mi-
crochannel injected with metal gallium. (d) Toroid-shaped mi-
crochannel injected with metal gallium. The scale bar equals
100 μm. Reproduced from [133] with permission from the Op-
tical Society of America. C   2013 Optical Society of America.
capable of producing tailored magnetic ﬁeld distributions
to suit LOC applications. The authors observed that us-
ing lower HF concentration and longer time resulted in an
improvement in the channel wall smoothness.
This work demonstrated the 3D arbitrary design free-
domofULI.Thetechniqueofmicrosolidiﬁcationofmolten
gallium to form the inductance is promising in terms of
the potential to incorporate 3D micro-electric capability in
LOC applications developed using ULI.
Haque et al. [134] applied the ULI fabrication process
to develop a lab-on-a-chip application featuring integrated
optical waveguides, microﬂuidic channels and porous 3D
photonic crystrals (PC), capable of performing simultane-
ous chromatographic and spectroscopic analysis. The de-
vice enabled the efﬁcient chromatographic separation and
ﬁlteringofanalytesthroughaporousphotoniccrystalstruc-
ture embedded within an etched microﬂuidic channel. Fur-
thermore, using ULI fabricated optical waveguides aligned
orthogonal to the ﬂow direction, the device simultaneously
probed spectral shifts in the near infrared photonic crystal
second order stopband (1550 nm) as the analyte con-
centration varied during ﬂow and separation. The design
of the application is shown in Fig. 12(a-c). The authors
usedacommercialfemtosecondﬁberlaser(IMRAAmerica
μJewel D-400-VR) with a central wavelength at 1045 nm
for this work. In order to enable stronger nonlinear laser-
material interactions, inscription was performed using the
second harmonic wavelength of 522 nm generated using a
lithium triborate nonlinear crystal.
The laser repetition rate used to fabricate the microﬂu-
idic channel and optical waveguides was 1 MHz while the
photoniccrystalswerefabricatedat100kHztoavoideffects
due to thermal accumulation. An average power of 75 mW
and 125 mW was used to inscribe the walls and the interior
of the microﬂuidic channel respectively with a scan speed
of 0.5 mm s−1. The channel was subsequently etched using
a5%aqueoussolutionofHFfor1h.Thepolarizationofthe
inscription beam was linear and maintained perpendicular
to the scan direction. Interestingly, the optical waveguides
were also inscribed using linear polarization, maintained
parallel to the scan direction so as to inhibit etching of the
waveguides. The waveguides were optimized for guiding
at 1550 nm, and were inscribed using 120 mW average
power with a scan speed of 0.75 mm s−1. Along with a con-
ventional woodpile photonic crystal design, structures with
rotated stopband axis were also fabricated where the axis
of the stopband was aligned along the optical waveguide
axis. The rotated woodpile photonic crystals were fabri-
cated using a 0.9 NA lens while the conventional woodpile,
microﬂuidic channel and waveguides were fabricated us-
ing a 0.55 NA aspheric lens. The woodpile structures were
inscribed using a scan speed of 10 mm s−1. The channel
and waveguides were inscribed using 220 fs pulses, while
the woodpile structures were inscribed using 400 fs pulses.
The photonic crystals were fabricated in SU-8 and the sen-
sor was tested using ﬂuorescein and exhibited sensitivity as
high as 725 nm/RIU (Refractive Index Unit) with a mini-
mumdetectablerefractiveindexchangeof1.4×10−3 RIU.
TheopticalperformanceofthesensorisshowninFig.12(d)
which shows good agreement with simulation. This work,
which can be extended to other wavelengths, demonstrates
the ﬂexibility of ULI and highlights its unique capability to
integrate multifunctional components in a single chip.
The aforementioned examples underscore the capabil-
ity of ULI as a true 3D direct write technique and highlight
its potential to impact cross-disciplinary ﬁelds. When cou-
pled with progress in achieving low-loss waveguiding in
active and passive applications, the rapid development of
optimized fabrication schemes for achieving high ﬁdelity
ﬂuidic features with improved selectivity in etching will
lead to the emergence of high-quality 2D and 3D optoﬂu-
idic architectures. The results in that direction have been
very encouraging so far.
FurtherdevelopmentofULIenabledLOCdevicesisen-
visionedtoensueinsynergywithadvancesinbiologicaland
chemical analytics. It should be noted that ULI addresses a
niche requirement in the ﬁeld of LOC applications, which
is the 3D integration of multiple functionalities in small
footprint micro-devices. The technology is not geared to-
wards competing with the volume manufacture capability
offeredbypolymerbasedlithographictechniques.Looking
at the progress in the applications of ULI, the technology
hasastrongpotentialtobeinstrumentalinachievinghigher
levelsofintegrationincorporatingoptical,electrical,ﬂuidic
and mechanical features creating multifunctional devices.
The recently demonstrated ultrashort pulse laser welding
[135] process opens the scope to use dissimilar dielec-
tric materials in LOC devices. Challenges that need to be
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Figure 12 (a) Schematic design of the optoﬂuidic device. (b) Cross- section view of the porous rotated woodpile PC. (c) Angled
view of the PC embedded inside the microﬂuidic channel. The photonic crystal’s (PC) stopband is aligned with the optical axis of the
laser-formed waveguide (WG). (d) Optical transmission spectra through (1) a straight continuous WG (blue), (2) an air-ﬁlled channel
probed by a WG (red) and (3) the air-ﬁlled PC-integrated optoﬂuidic device (purple). The PC’s 2nd order stopband is observed at
1.57 μm wavelength (3.5 dB peak reﬂection, 65 nm FWHM) and 3rd order at 1.43 μm wavelength. Both stopband wavelengths match
the FDTD simulation for an air-ﬁlled PC with 85% ﬁlling fraction (green). The 1.38 μm bands are due to OH group absorption in
fused silica [51]. The noisy spectral measurements coincide with spectral regions of low source power. Reproduced from [134] with
permission from the Optical Society of America. C   2013 Optical Society of America.
addressed include optimizing inter-component tolerances,
reducing fabrication times, inscribing optoﬂuidic compo-
nents in composite materials and streamlining the ﬂuidic
interfacing with established sample delivery methods. Ad-
vances in these directions aimed at alleviating these chal-
lenges will underpin the commercialization of ULI enabled
LOC devices.
4. Conclusions and Outlook
The evolution of ultrafast laser inscription technology has
beneﬁted from the increasing availability of high pulse en-
ergy, high repetition rate commercial femtosecond laser
systems in the recent past. The ﬁeld is attracting greater
attention than ever before with cross-disciplinary appli-
cations looking to exploit the unique capabilities of 3D
fabrication with exceptional material ﬂexibility. The tech-
nology has evolved over the past two decades from mere
scientiﬁc curiosity to an enabling technology with appli-
cations impacting a wide range of areas. ULI has found
success within the ﬁeld of waveguide laser fabrication, and
withthedevelopmentofmanynovellasermaterials,offersa
methodforwaveguidefabricationwhereconventionaltech-
niques such as photolithography are limited. This material
ﬂexibility brings the prospect of compact, robust waveg-
uide laser sources encompassing a wide spectral window.
As a disruptive technology, it does not compete with es-
tablished fabrication processes for many of itsapplications.
InsteadthenichecapabilityULIoffersistheexploitationof
monolithic 3-D geometry. This is also evidenced by recent
demonstrations in optical interconnects for telecommuni-
cations [136] and astrophotonics [9, 137, 138], which, in
addition to optoﬂuidic lab-on-chip devices, are only begin-
ning to be explored.
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